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INTRODUCTION --- 

Considerable a c t i v i t y  has been generated i n  recent years on f u e l  
c e l l  research. 
The major portion of t h  work, however, has been concentrated on the low') 
and medium temperature2f hydrogen owgen c e l l s  and on the so-called high 
temperature gas cel l .  

i n  t h i s  f i e l d  s ince many excel lent  review papers are  available3r. 

The work has encompassed many d i f fe ren t  types of  ce l l s .  

No attempt w i l l  be made t o  review the rather  volumino s l i t e r a t u r e  

The high temperature c e l l  may a r b i t r a r i l y  be defined as a gas 
c e l l  which operates a t  atmospheric pressure and a t  temperatures i n  the 
general range of ~0-gOO"C. I t  operates e i ther  with hydrogen o r  mixtures 
of hydrogen and carbon monoxide as f u e l  gas and usually with a i r  a s  the 
oxidant. This i s  the type of  c e l l  which has excited most i n t e r e s t  as a 
poten t ia l  source of Central Stat ion power. 

Work on the  high temperature fuel c e l l  i s  now underway a t  qui te  
The most extensive and probably a f e w  laborator ies  throughout t he  world. 

the most successful work has been car r ied  out  a t  the University of Amsterdam 
under the direct ion of J. A. A. Ketelaaf i ) .  Broers5) i n  par t icu lar  has re- 
cently published an extensive account of  t he  work carr ied out  a t  Amsterdam. 

Work has been conducted u n t i l  recent ly  on the high temperature 

have described some of the experimental results as well as methods 
he laborator ies  of the Consolidation Coa l  Company. Recent publi- 

t ha t  could be employed for effect ing the  integrat ion of the c e l l  o p e r a t h n  
with the gas manufacturing process. Such integrat ion i s  essent ia l  t o  r ea l i ze  
the poten t ia l  advantage of the f u e l  c e l l  i n  achieving a high efficiency for 
power generation. 

i n  most respects t o  tha t  used by Broers5j. 
a lka l i  cur:Jouates disposed on a special ly  prepared pure porous magnesia 
matrix. 
metals have been used as the f u e l  electrode and a semi-conducting l i t h i a t e d  
nickel oxide refractory as aira) electrode. Likewise, metal. aauzes, anu i n  
par t icu lar  nickel and silverhave been found t o  operate sa t i s fac tor i ly  without 
the powdered metal act ivators  used by Broers. 

%?e hick temperature cel l7)  u t ' l i z e d  i n  t h i s  work has been s imilar  
The e lec t ro ly te  used was mixed 

I n  addition t o  the metal gauzes used by Broers, poroy  sintered .- 
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The basic problems tha t  remain t o  be resolved before the  f u e l  c e l l  
can a t t a i n  commercial s t a t u r e  a r e  the  attainment of a system of acceptable 
l i f e  and power output. 
ably e-rpedited if  a b e t t e r  understanding of t he  manner i n  which the  c e l l  
functions were available. 

The r e s l u t i o n  of these problems could be consider- 

The purpose of t h i s  paper i s  t o  present some thoughts with regard 
t o  the mechanism of the c e l l  action. The experimental work carr ied out  t o  
date  has not  been suf f ic ien t ly  extensive t o  provide pos i t ive  confirmation 
of the theories  presented. The mechanism is put  for th ,  therefore, without 
adequate experimental proof, i n  the hope that i t  may prove useful t o  other  
workers i n  the f ie ld .  

EXPEXIMEhTTAL METHOD AND F S - n s  

The construction of the f u e l  c e l l ,  the  method of fabr icat ion of 
t he  components and the opera t i  g procedure have been described previously 
and will not be repeated here'y. Likewise, some of the experimental results',') 
have been presented before although i n  somewhat d i f fe ren t  form. 

The data presented here serve as a bas is  f o r  discussion of t he  
Most of the data given here revolve about the use mechanism of c e l l  action. 

of hydrogen a s  fuel  gas. Considerable data have been accumulated also on 
carbon monoxide-carbon dioxide mixtures as f u e l  gas. The power outputs 
achieved are ,  i n  general, considerably lower than with hydrogen. These data 
are not included since the  ctiscussion revolves largely about the mechanism 
of the hydrogen and a i r  electrodes only. 

It i s  f e l t  that the  u t i l i z a t i o n  of hydrogen w i l l  be the determining 
fac tor  i n  any potent ia l  p r a c t i c a l  f u e l  c e l l  qystem. AU f u e l  gases t h a t  would. 
be u t i l i z e d  i n  pract ice  would be  r ich  i n  hydrogen. Due t o  the re la t ive ly  poor 
performance of the carbon monoxide electrode, the major portion of t h e  carbon 
monoxide would l i k e l y  be u t i l i z e d  ind i rec t ly  through conversion i n  s i t u  t o  
hydrogen by means o f  the w a t e r  gas shift reaction. The major uist inct ion i n  
pract ice  between the low temperature and high temperature c e l l s  would be the  
a b i l i t y  o f  the latter t o  u t i l i z e  t h e  carbon monoxide even i f  i t  i s  only in-  
d i rec t ly  as discussed above. 

Operating data obtained with the carbonate type c e l l  a r e  summarized 
i n  Tables I A  and IB. 

me electrolyte  employed i n  the  work reported here was an equimolar 
mixture o f  sodium and l i thium carbonates throughout. 
added t o  t h e  air  stream as a depolarizer. 
Table I A .  

Carbon dioxide w a s  always 
The amount used is  specif ied i n  

Tne resul ts  given i n  the t ab le  are, except f o r  individual cases 
noted, smoothed resul ts .  
pose based on the assumption of a l i n e a r  drop i n  c e l l  voltage with current  
drain. i n  order to apply t h i s  method i t  w a s  necessary t o  correct  f o r  the 
decrease i n  open c i r c u i t  voltage due t o  change i n  gas composition a s  a r e s u l t  
of  accumulation of reaction products with current drain. The theoret ical  
voltage w a s  calculated by the  application of t he  Nernst equation. 
figure i s  l i s t e d  i n  Column 4) of Table IB. 
voltage with no current dra in  could not be calculated s ince it is  effected 
by the very small but unknown amount of carbon dioxide i n  the  hydrogen fue l  
gas. 

The method of l e a s t  squares w a s  used for t h i s  pur- 

This 
It i s  noted t h a t  the theoret ical  

I 
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The application of t h e  s t a t i s t i c a l  method t o  the t reatnent  of the 
r e s d t s  i s  i l l u s t r a t e d  i n  Figures 1 ma 2. 
f i e l d  i n  which the experimental data should fa l l  within a confidence limit 
of 95 percent. 

The dot ted l i n e s  present the 

The f i t  suggests t ha t  t h e  c e l l  operates Without substant ia l  
electrode polarization at  700-750"C with porous nickel  f u e l  electrode and 
e i ther  s i l v e r  gauze o r  l i t h l a t e d  nickel oxide as the air electrode. 

The above statement must be q u d i f i e d ,  however, by  t h e  area as shom 
fo r  t he  confidence-limits. 
750°C and of up t o  .a v o l t s  at.700"C. 

A polar izat ion of up to  .Ch vo l t s  i s  p5rmitted a t  

Another check f o r  polarization i s  the agreenent between the c e l l  
res is tance as measured d i rec t ly  by an A. C. bridge and th t  detemined by 
the l e a s t  squares analysis. Tne agreezent i s  excel lent  f o r  Rurr @b a t  
7-50" C. 
and ceasured resistarrce even a t  lower teqerazures .  I n  the 700°C runs, 
however, the calculated resistance i s  d e f i r i t e l y  higher than measured. This 
does not necessarily indicate  polarization, however, as will be shom later. 

3roers5), liiierrise, reports excellent agreeqent between calculated 

30 r e a l i s t i c  comparisor, could be made between measured and calcu- 
la ted  resis tance i n  m y  of the rims shom. 
voltage f a l l s  i n  some cases below the theoret ical  val le .  This i s  a t t r ibu ted  
t o  lirAte5 nixins  of the f u e l  gas a d  air through microscopic cracks i n  the 
ele-zrolyte matrix. 

' I U S  is because the  open c i r c u i t  

Such cracks were observed a f t e r  t he  runs were' conpleted. 

b Cew other  in te res t ing  observations can be made. Si lver  i s  seen 
t o  be L f a i r  hydrosen electrode altinough not nearly a5 good as nickel. It 
i s  o r a c t i c s l l y  woort!lless, however, as a carbon nono.xj.de electrode. 

Iron'does not appear t o  be as good a hydrogen electrode as nickel. 
Tne data presented a re  not conclusive on t h i s  point. i.Iiurerous okher data 
not presented here all point,. however, t o  the same conclusions. 

+OVB 6iscussion is generally i n  accord wLth the findings of 
~ ~ o e r s s ) . .  

i n t e r n i l  Zesis tmce of t h e  C e l l  

ri. d e  his?  i r . te r r .a l  resis tan-e  o l  the c e l l  during operation i s  note- 
r\-orth;-. Segarate csn&L:cti'.rity aeasureaents were made t o  deternine whether 
t h i s  ~ a ~ u l c l  be i t t r i b L t e d  t o  so'le pec .d is r  properzy of  -&e eleczmljrte natr ix .  
!.:exu:-enents were mace with the matrix loaded with an excess of The mixed 
crr'bonate melt. '30 flat s i l v e r  gaskets were used K S  electrodes. An averase 
value of t i e  rcsistmce/crn* of 0.7 o b  w a s  found i n  t h e  temperature range of 
700-8OO'C. 'Tie e q s c t e d  value from the thickness and porosi ty  of the matrix, 
0.2 c3 and 285 respectively, and t i e  specif ic  conauctivity of the  melt 2.9 
0hz-l cm i s  only 0.25 on!. 
of 7-10 than t h a t  observed during c e l l  operation. 
h i& resis tance during c e l l  operation. 

Even so, the measured value i s  smaller by a fac tor  
Broers a l so  found a s imi la r  

Toe high r a t i o  between t h e  resis tance measured during ce l l  operation 
and the inherent r e s i s t i v i t y  of t he  electrolyte  matrix can be taken t o  have 



the  following significance. 
s m a U  area of contact is mainzained between the electrocie and 'he electrolgrte. 
This nay be required t o  maintain pmoer access of  tOe gas t o  'the electrode 
surface, and greatly increases the e f fec t ive  r e s i s b c e  of  the e lec t ro ly te  
if the contact area is s u f f i c i e n t l y  snd-l. 

Considel; f o r  elcample, an i d e d i z e d  model where the electrode xih- 

me melt inventory must be adj.asted u n t i l  a 

ta ins  symmetrical square areas of contact having individual. weas  A2 a ~ d  a 
spacing between contacr; area d as shorn i n  Figure 3 .  

The effect ive resistarjce of a x e l l  containing tu0 such icenzical  
infinite plane square mesh electrodes separated by an e lec t ro ly te  of thickness 

p o t e n t i a l  V t o  the pos i t ion  i r  the e lec t ro ly te  
may be calculated by a solut ion of Lapluc?s equation which re la tes  'Lie 

a2V = 0 

The calculat ion desired is the  potentLd dmp across such an e lec tGde  system 
as a function of  the current density L and the saec i f ic  res is tance X. 
can then be compared with the o o t e n t i d  drop across p l a r e  f l a t  electrodes. 
The ap2ropriate boundary conditions and solut ion of the above oa-rt al ckf- 
f e r e n t i d  eqilation f o r  this par t icu lar  case w a s  given g r e v i o n s p b j  ami' is 
omitted here f o r  the sake of brevicy. The solut ion is s h m  grqhicd l l j r  
i n  Figure 4 where the  r a t i o  Reff/E i s  ? lo t ted  as a function of d/d with 
A/d as a parameter. 
res is tance obtaining i n  'he case where one 'as plane flat electrodes. 

,This 

Xepp/R i s  tne r a t i o  of the e f fec t ive  resis tance t o  the 

It i s  noted, f o r  example, &hat the  e q e r b e n t a l l j i  observed r a t i o  
Raff/X of about 8.0 could be explained i f  the spacing d is about j . 2  E 
G d  A/d = 1.8 E 
is i n  accord with the e lec t ro ly te  thickness of 2 nm used i n  our work. 
in te res t ing  t o  note t h a t  such a s i tuat ion corresoonds t o  confining zhe electrode 
react ion t o  only 3 . 2  x 

UTI 

The above corresponds t o  an. e/d r a t i o  of 6.3 which 
It is 

cm2 per square cent ineter  of e lec t ro ly te  surface. 

The effective resis tance m t i o  5 s  very much a function of 'he s o a c h g  
between contact areas. 
markedly for  constant f r a c t i o n a l  act ive area as the spacing decreases. 
importance of  this f a c t o r  i n  optimizing c e l l  &sign is  onvious. 

It is  c lear  f r o m  Figure 4 that the  resis tance d-ops 
?he 

Another way of i l l u s t r a t i n g  this point i s  t o  repeat 'he same calcu- 
l a t i o n  with a different  geometrical pattern. 
wire type electrode as shown i n  Figure 5. .Such a system would correspond t o  
the "hypothetical" case of a wire gauze electrode where none of the  cross 
wires made contact. 

' B i s  w a s  done with a parallel 

Laplaces equation for this case w a s  solved vith the following 
per t inent  boundary conditions: 

= C Y  
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I t  was assuned again f o r  s implici ty  that both electrodes were identical. 
The solut ion i s  

where r = A/d and i s  the  spec i f ic  resistance. 

The f rac t iona l  area covered i n  this case is A/d as against (a/d)2 
f o r  the square mesh 
dica such t h a t  (A/d$?or the p a r a l l e l  wire type electrode corresponded t o  
~ / d  f o r  the square mesh t-ne. 

wtrode. The points  therefore  were p lo t ted  with t h i s  i n  

It i s  readi ly  seen that t h e - p a r a l l e l  wire type. electrode can tqlerate 
a nuch smaller contact area-withaut a large increase i n  c e l l  resistance. Again 
t i e  a e s i r a b i l i t y  of maintaining Close spacing betveen contact points i n  c e l l  
design is  emphasized. 

Since the actual area of contact during operation of our cell. was 
un!mown one cannot s t a t e  def in i te ly  that t h i s  is  the major cause of the high 
resistance observed. Rather it seems l i k e l y  tha t  the low melt inventory 
i t s e l f  may be p a r t l y  responsible by causing p a r t  of the e lec t ro ly t ic  conduction 
t o  be effected through small, zones of extremely t h i n  layers  of ne l t .  

As will be shown l a t e r ,  however, it is possible i n  pr inciple  t o  have 
a re la t ive ly  low resis tance as measured with an A. C. bridge and an ef fec t ive ly  
hi& resis tance during c e l l  operation as a r e s u l t  of  the electrode reaction 
being concentrated i n  a v e r j  small area. 

&*m Rate of Electrode Reaction 

The electrode reaction as mentioned above m u s t  be concentrated i n  
a very small area due t o  the  d i f f i c u l t y  of providing acess of the gas t h r o u b  
the three phase limit where electrode,electrolyte  and sas meet. 
area required m y  be estimated as follows. 
not take place, in the  limit, any f a s t e r  than as nolecules s t r ik ing  the metal 

o f  estimating this rate using his theory of absolute reaction rates .  
case k%ere gas moleculesstrike s s u r f a c e  t o  form an m o b i l e  dissociated adsorbed 
film, Eyring gives the  equation 

The minimum 
The electrode reaction can cer ta in ly  

surface can be adsorbed. Fortunately, Eyrings f: has provlded us with a method 
For t h e  

uhere VI i s  that rate of  adsorption i n  molecules/cm* sec and El is the act ivat iod 
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energy of adsorption. 
by Eyring one calculates t he  a e o r p t i o n  r a t e  for hydrogen IS 

If we  use A- = 4 and C, =. loL5 sites/cm2 as suggested 

Thus, i f  El is small, i.e., equal t o  3000 cal/niol, the  enEothemic heat of  
solut ion i n  nickel, t he  r a t e  can be as la rge  as 130 raol/cn2 sec a t  750":. 
The above r a t e  i s  s u f f i c i e n t l y  la rge  such t n a t  2 current density of 100 m/cn2 
could be achieved on a surface PS s& as 4.0 x lo-' cm2/cm2 of  e lectrolyte  
area. 
viev of the preceding consideraLrons, cause a very considerable increase i n  
the effect ive resistance of the cell. 

Such a concertration of the eleczmde reaction, however, vodc , i n  

I n  Cne case of t i e  air electrode, :under corpara-cle assvrqtiors, the 
nax3mum r a t e  of the electrode rea-tion would be sorewhat snaller due t o  the 
lower p a r t i a l  pressure illis: t h e  higher molecular wei&t and nonent of i n e r t i a  
o f  o.uygen. Even s o  a r a t e  of the order of 1 mol/cm2 sec i s  possible i n  t h i s  
case. 

The mree Pase L i m i t  

It i s  obvious t n a t  some nechanisn mst be i n  force f o r  broadening 
of t he  three phase l imi t .  Gthenj-ise two deleterious fac tors  come strongly 
in to  play, i.e., act ivat ion polar izat ion as a resu l t  of concentrating t i e  
electrode reaction on a verj  sLWl area ard the concomitant high effecti-re 
res is tance discussed above. 

Tmee mechmisns my Se'.cited, diffusion of t he  gas through a t h i n  
f i lm in t he  neighborhood of t h e  interface,  perneation of gas throuE;h the 3ld-i 

electrode ne ta l  and f i m l l y  surface diffusion =cross the electroce surface. 

%le first seems ulllikely even though &ita on the pe-neetion of gases 
through salt melts a t  high temperatures i s  unavailable. 

Some data a r e  avai lable ,  however, on the  diffusion and pem-ezbilitj. 
rates of hjdrogen and oxygen through aqueous solutions of electrol.&es. 
exmple, the diffusion constant of hydrogen through 2@ RaUd solutionlo) i s  
reported as about lo-' c S / s e c  a t  25°C. 
o f  2 x lO-'mols/cc a t  atmos>her',c pressure. 
t o  the electrode sarfaceperuni t  area through an e lec t ro ly te  film o f  thickness 
a i s  thus 

For 

m e  s o l u b i l i t y  Co is of the order 
me r a t e  of transport of hy-gez 

D ( C o  - Ci) i - - 
d 2 x 95500 

where C1 i s  the  concentration a t  she electrode interface. %e exposure of 
as m c h  as 1 cm2 of surface t o  a t t i n  f i lm of e lectrolyze ger em2 of elec- 
t rol ;  t e  area seems ra ther  ur;LiBelj with electrodes of the typ used ir, this 
work. men so one calculates  is t i e  above case tha t  t he  average zhickness 
of e l e c t r o l j t e  f i l m  would have t o  be  less than 5 x 
current density of 100 m/cm2. 

cm to  maintain a 

Corresponding data a r e  absent of course under conditions where the  
v g h  t-erature c e l l  operates but  it i s  not l i k e l y  that the permeability o f  

! 
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gasez ;nroi-l>hA s d t  melts would be any hi&her due t o  a probably very l o w  
sol.tllizy of zases i- ?e.l',s. It would be in te res t ing  of course to obtain 
s,c3 h t a .  

Data a r e  available, however, from which the  r a t e  of permeation of 
gases tnrou& ne ta l s  can be calculated. 
bi1i';y 02 hydrogen i n  nickel and i ron a r e  those of Armbrute+). 
gives corresponfiAng data on the diffusion constant of hydrogen i n  nickel. 

L&e vro s e t s  of data, one f inds the perneation rate of h p o g e n  
t h r o L 3  
23ls/cn7 sec. 
nols/cm2 sec/cm OF e a t e r  W. afae'actar OE UP 
through e lec t ro ly te  solutions at m o m  temperature. 

Probably t h e  bes t  data on the solu- 

a t  atmos3eri.c pressure P = D& = 1.46 L 
T,e perneation r a t e  a t  750"~ is @us 

e-l loo 

m e  res:. of t h i 3  g q e r  i s  wncerned nith an 
peraee3Gion of 3 s 2 5  thro& the metal electrodes as 
bile cnree phase l imi t .  

PerneaXe I I e t d l  G a  Electrodes 

i. Some consideration is given also f o r  the last mechanism. 
-7 

___-____- 

A s i m p l i l i  the met& e lec t ra ly te  co 
ss-0 that the proole  ctrode react ion can be t 
.mthematicaUy. Suc pretaented grapucdlly fs 
6. Xere a cross s e c t i  n the electrode ana e lec t  
m t r i x  is represented,- !the cross sect ion represents either a apherical metal 
granule of radius r, of the porous m e t a l  electrode or of a cyl indrical  wire 
of the sane rahus for. the case where a w i r e  gauze electmde is used. 
=;le% represents the portion of the  cross sect ion where contact i s  main- 
tained between the e lec t ro ly te  and the  metal. electrode surface. 

!&e 

It i s  now necessar j  t o  make assumptions r e l a t i v e  t o  the ra te  con- 
t r o l l i n z  processes.. mese mus t  be made primarily on a bas is  of "reasonableness". 
It i s  assme$, therefore, tha t  the ra te  of solut ion of gas in to  the metal is 
cantrollel, b j  t i l e  rate of penetration of the gas from an adsorbed layer  of 
dissociated atoms. Similarly the r a t e  of dissolut ion is  controlled'by t h e  
ra te  a t  m i e n  the gas penetrates the metal surface t o  form the same adsorbed 
layer. 

Zxperimentalby it i s  known the  r a t e  of solut ion and dissolution of 
gas i n  met2.l- is.  ver,- rapid re la t ive  t o  the r a t e  of permeaLion through the 
ne ta l  ? ~ d . k ~ ~ ~ .  Xo infomation is available, therefore, on the  ra te  deter- 
p2ning sten ?zr adsorption and desorption. 
-onsistmtvlththe,?ypothesis tha t  the dissolved gases are present i n  dissociated 
forni when dissolved i n  .metals. 
sidered as being present i n  dissociated form. 

The experimental f a c t s  a re  e s o  

The adsorbed layer  may therefore also be con- 

Two fur ther  assumptions a r e  now required, namely, that the r a t e  of 
ac?sorption is very rapid re la t ive  t o  t h e  rate of solut ion such that the con- 
centration i n  the  adsorhed l a y e r  i s  i n  e q u i l i b r i m  w i t h  gas phase. 
it is  assumed that the electrode reaction involves the adsorbed layer  and 
again t h i s  is very rapid r e l a t i v e  t o  t h e  rate of  desorption from t h e  m e t a l  
bulk. 
mined by t h e  concentration i n  the adsorbed layer. 

Similarly, 

Thus again, the  equilibrium electrode poten t ia l  i s  maintained as deter- 



Since the electrode must be a t  constant potent ia l ,  it follows that 
the concentration of the  adsor3ed layer  must be constant at all points v l t h i n  
the  electrolyte .  This concentration C 1  may be  considered t o  be equivalent 
t o  that i n  equilibrium wi"d gas a t  a pressure P1 i n  atmosphere, i.e., C1 = 
Co m. Similarly, the  concentration of the adsorbed layer  i n  the  area 
outside of the electrolyte  Cg, must be constant n equilibrium k i t h  pressure 
of gas exis t ing ir the  gas phase, i.e., cg = co co is the concentration 
i n  equilibrium with 1 atmosphere of gas. 

The rate of permeation of the  gas through the electrode may be ob- 
ta ined by solution of Ficks diffusion equation. 
t o  

For steady flow this reduces 

P P% =O 
( 5 )  

The born- conditions f o r  solut ion of the above equation based on the  above 
assumptions are: 

where k is the ra te  of desorption of the 
C is the concentration of gas i n  the m e t a .  

We obtain two solut ions for the  two cases considered: 

from solut ion in the metal. and 

, 

a )  Spherical Electrode Contact 

, 

where x = cos-@nd h = cos* 

and Pm i f f lare  the  Legendre polynomials of the  first kind. 

F- T h , D  (PgHCi) x, 



vhere 

, 

I 
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Tne f l u x  F above is the  t o t a l  f lov  of gas thmugh the  m e t d l  electrode 
surface and i s  obtained by the integrat ion 

Bow the f l u x  F must equal the current flow 80 that we obtain 

where 
mking contact/cn2 area, n i s  the  number of electrons involved i n  the electrode 
process ( 2  i n  the case of hydrogen) and P = DCo i s  'de permeability of the gas 
throu& &he netal .  
eleckwae polar izat ion A?2 as determined by the slow permeation through the 
electrode 

is  the current density i n  amps/cm*, X i s  the  number of spheres 

The above equation may be used to  calculate  the extent of 

Be -num current t h a t  may be drawn i s  determined by the value of - 
4 i n  equation (LO) when p1 = 0. 

The basic  assunption i n  the above derivation is  t h a t  act ivat ion 
polar izat ion i s  absent, i.e., the  electrode reaction i s  very rapid. 
be seen i n  what follows that a rapid electrode reaction is a necessity i n  order  
t o  obtain adequate permeation ra tes  i n  any case. 

It vill 

An in te res t ing  feature  of equation (10) is t h a t  the  permeation r a t e  
decreases only as the  square root of the pressure. This tends t o  favor this 



I 
1 

aechanism of broadecirg of the three phase l i m i t  i n  the l o w  pressure rags .  
The extent sf ?olar izat ion is shus y-oportimzal f o  perneazion raze of the 
electrode P and 1s)  25 -LU be seen later, re la t ive ly  icsensi t ive t o  :he ra te  
of the electrode process. 

b )  Cylindrical. 'dire Electrode Contact 

%e solutions of equation ( 5 )  are  obtairea i n  this case iE eiact l j -  
the sane fashion as before. They are given below 

The form of  the above equations is very similar t o  the spherical case. 
t h i s  case is defined as  the number o f  cyl indrical  wires of 9 J n i t  length i n  
contact with 1 cm2 of e l e c t r o l y t e  surface. 

N in 

It is noted that in a l l  cases the f lux  fac tor  X i n  the above equations 
is determined only by the term ( -& ). The r a t e  constant for the  electrode 
reaction k is unlmovn. D 
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Hovever, it is possible to  make some deductions from t h e  experimentd 
data as to  the permissible range of t h i s  rate. 
derivation that the r a t e  o f  the  electrode process k (Cg - C,) must be less 
than the r a t e  of adsorption from the gas phase. 

It i s  i n p l i c i t  in the  above 

Consider now porous nickel as a hydrogen electrode. It was s h m  
previously t h a t  a rnaXh.m value f o r  the adsorption rate a t  750°C i s  of the 
order of 130 mols/cm2 sec. 
CO = 3 x 
mean p a r t i c l e  size of the  m e t a l  g r y d e s  i n  the electrode used 

For hydrogen i n  nickel  D = 6 x CS sec-' and 
mols/cc at  750°C. Thus for a p a r t i c l e  of 65 microns diameter 

It i s  therePore c l e a r  that f o r  the present very large values of 
( '3 ) are  not zuled out. 
very laborous f o r  values of ( &L )> 

as a function of the  contact a n g l e p i  and the flux f a c t o r  
It cl3y be shown from the  behavior o f  equation ( 8 )  that as 5 increases indef in i te ly  
so does the f lux  factor .  
higher values of ( &/o ) by use o f  the  erupir icd relat ionship 

Computations o f  the f l u x  f a c t o r  X, hovever, become 
Computed values o f  the  f l u x  f a c t o r  500. 

0 
,,/ -' shown i n  Figure 7. 

It is seen f r o m  Figure 7 that X may be extrapolated t o  

1 The polar izat ion curves calculated inthis.mYfbrseveral assigned vdlues 
of ( ) and f o r  several  b n e r s i o n  angles are illustrated in Figure 8. 

cases shown correspond t o  perfect  contact between the electrode and electrolyte ,  
i.e., every granule in a close-packed array makes contact. 

It may be noted t h a t  the  polar izat ion curves are readi ly  t ranslated 
t o  d i f fe ren t  values of P, N, r, and X. Thus, the  current density a t  w h i c h  an 
equivalent polar izat ion is  obtained is proportional to  P, N and X. 
packed array of contacts it is &so proportional t o  rl. 
contacts/cm2 it is inversely proportional t o  r l . .  

t&t the polar izat ion voltage was  l e s s  than .08 vol t s  at temperatures above 
700°C. 
with the permeation mechanism c i t e d  although the case is far from proven. 

The 

For close- 
For the same number of 

The experimental r e s u l t s  with the hydrogen nickel  electrode shared 

It i s  seen from Figare 8 that such a result can reasonably be achieved 

The permeation rate, as noted above, goes down w i t h  temperature. Thus 
at  600°C it i s  lower by a f a c t o r  o f  3 and consequently only l/3 as much current  
could be drawn before an equivdent  amount o f  polar izat ion s e t s  in. The earLier 
onset of polar izat ion at lover operating temperatures has been noted i n  our  MI% 
and by others. 
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The polar izat ion curves shown i n  Figure 8 correspond to  ra ther  perfect  
contact between electrode and electrolyte .  The effect ive resis tance ra t io  say 
be estimated as discussed bove. Take f o r  example, the case shown for-V= 5 O ,  
the  values of A/d, and &d i n  t h i s  case are  .02 and 30 respectively. Re- 
fe r r ing  t o  Figure 4 the  calculated Reff/R = 2.5 which is considerably smaller 
than the  observed value of 7. In ac tua l i ty ,  l e s s  than perfect  contact may 
be anticipated. The case i s  a l s o  i l l u s t r a t e d  i n  Fi,@re 8 where only one i n  
two p a r t i c l e s  a t  the electrode surface actual ly  &e contact. !The predicted 
polar izat ion i n  this case i s  i n  accord w i t h  that observed W e  R e ~ / R  rises 
according to Figure 4 t o  3.5 which i s  closer  t o  the observed rat io .  

One must make one important qual i f icat ion,  however, s ince i t  can b e  
shown that for high values of ( "b) the  current i s  concentrated over a re la t ive ly  
s n a l l  f rac t ion  of the t o t a l  contact area. Thus the e f fec t ive  resis tance ra t io  
would ac tua l ly  be greater  than the value estimated above. 

As a matter o f  f a c t ,  a pecul iar  feature  of t h i s  treatment of t h e  
electrode.  process i s  that an extrenely rapid electrode reaction causes it t o  
be concentrated i n  a small area  and thus increases the ef fec t ive  internal. re- 
sis tance of the  cel l .  

'IZle iron electrode may be evaluated i n  a similar  fashion. 
meability of hydrogen through i ron from the data of Sni the l l s  and i % 3 ~ s l e y ~ ~ )  
my, be described by the  following equation 

The per- 

Po a t  750°C i s  equal t o  1.8 x lo-' which is very close t o  the value f o r  *e 
permeability af nickel. On this basis  i t s  performance as a h'jdrogen electrode 
should be very similar t o  n icke l  which is i n  accord With the facts .  

Tne re la t ive ly  poor perfonnance of carbon nonodde electrode may be 
ascribed to i ts  low permeability through the metal electrodes. 

We will now turn our a t ten t ion  t o  a discussion of the silver electrode. 
This electrode was used both as a hydrogen and air electrode i n  the form of wire 
gauze. 'de therefore use equation (15) to  discuss t h i s  case. 'Be var ia t ion of 
the f l u x  fac tor  X with ( $*) using the  contact angle as parameter i s  shown i n  

Figure 8 . 
by means of the empirical equation 

Again the f l u x  f a c t o r  may be extrapolated to  higher values of ( -ff ) D 

%e j u s t i f i c a t i o n  again is th behavior of equation (15 )  which  shars tha t  X 
increases indef in i te ly  as ( -$!A ) increases. As a matter of f a c t  i t  may b e  

shown that equation (15 )  takes the form 
00 
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/ i  

I 
I 

I,, 

: i  

as ( 43 ) - e 0 0  

Likewise it may be sham the current i s  concentrated i n  an i n f i n i t e l y  smal l  area. 

. The above ser ies  diverges and thus X,becomes i n f i n i t e .  

The permeability of oxygen through s i l v e r w a s  measured by Johnson and 
LaRose. Their resu l t s  m y  be expressed by the equation 

and shows a value f o r  

Po of 9.3 x 
tained by combining the so lubi l i ty  data of Steacie and john son"^ with the 
above permeability data. 
By the sane ar,ment as w a s  developed previously f o r  nickel  w e  find than the  
m a x i m a m  possible v d u e  of  J- Z 7 x lo7. The nvdnum current tha t  can be 
drawn i n  a i r  under the assmytion t h a t  a l l  wires contact the electrolyte  matrix 
throuzhodt t h e i r  length can now be computed f o r  various assigned values o f  ( &  

0 These I ' i s r e s  a re  shown i n  the tab le  below: 

mols/cm2 sec a t  750°C. The diff'usion coef f ic i  nt  may be ob- 

Thus the  value of D a t  750°C i s  9.5 x lo-' cm2 sec-l. 

). 

Short  Circuit Current For 
30 Mesh Si lver  Wire Gauze Electrode rlp11 7 x lo3 cm - 

Contact 45 Short  Circuit 
D Current ma/cm2 -- Arise 

12.F 2000 5-  0 
1.28" 2000 2.8 
1.28' 7 x 107 42.0 

It i s  now seen t h a t  permeation through a s i l v e r  air electrode i s  nowhere 
suf f ic ien t ly  f a s t  to explain its perfonaance. 

Similar considerations may be made with regard t o  the  s i l v e r  hydrogen 
Accdrdte b t a  are not avai lable  f o r  the perneation ra te  of hydrogen electrode. 

through s i lver .  
suf f ic ien t  t o  e q l a i n  i t s  p e r f o m c e  a s  % hydrogen electrode. 

?"ne indications s&ain are ,  however, t h a t  i t  would be i n -  

To resolve these a i s c r e p a c i e s ,  it is  necessary t o  assume that the  
p e n e a t i o n  r a t e  t h r o u a  a thin surface layer  of the m e t a l  i s  much greater  
than thmu;h the metal i n  b o .  
a sMler cunner t o  the bul!! permeation case t rea ted  above. 
f o r  e:-le, f o r  rapid perneation thmu@ a t h i n  surface spherical  s h e l l  of 
thickaess A i s  given below 

Equations may be derived f o r  this case i n  
The resu l t ,  

\ 



-84- 

Thus, the  form of the e p a t i o n  is  ident ica l  t o  t?%r; for bulk dip- 
me dependence of  fusion Kith the only change being in  the  flux fac tor  &. 

the polar izat ion voltage on the  s y s t a  variables is  thus identical. 

In conclusion, t h e  performance of the nickel  and i ron  electrodes 
can be explained on the bas i s  of the buLk permeation ra te  Through t h e  reeta. 
The s i l v e r  electrode performance required the  intmCuction of the concept 
of accelsrated surface diffusion. Funher  experimental 6ata are required 
t o  determine whethe? var ia t ion  of' cell performance with systen 7ariables such 
as gas concentration behaves i n  the predicted fashion. 
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Table I 

s- Fuel C e l l  Performance Data 

A. ~ I ' l T O N S  OF RUNS 

Run No. Temp.,"C Fuel Electrode Air Electrode Fuel Gas m. 
Ag-2a 700 "D" Porosi ty  80 Mesh 97$ H2-35 H20 

A g - a  750 

Ag-2c 800 

Ag-12 750 

a-15 800 Fe Powder on "D" 

Porous Nickel S i lver  Gauze 

Porosity s t a i n l e s s  
S t e e l  

N-6 700 "D" Porosi ty  Porous Li thiated 
Nickel Nickel Oxide 

N-16 750 "D" Porosi ty  Lithiated 
Porous Nickel Nickel Oxide 

a-7B 825 80 Mesh 80 Mesh 
Si lver  Gauze S i lver  G a u z e  

Ag-7c 825 2 c o - l c o 2  

$ C O ~  i n  Air 

16.6 

Y.1 

18.2 

Y. 1 

Y. 1 

Y.1 

ll. 1 

16.6 

16.6 

. - . . . .  
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Table I 

S u n m r y  Fuel C e l l  Performance Data 
B. CURRFPT W N  BEHAVIOR 

Current Density 
Run Pro. =/ern2 

&-23 0 
30 
65 

&-2b 

&-2c 

Ag-12 

0 
30 

100 
127 

0 

100 

0 
35 
65 

0 
32+ 

0 
1oX 

0 
30 
65 
100 

65 

65 

* Actual experimental points. 

Voltage 
cdlc. Open 

Measilred Circuit  

1 . ~ 6  - 
0.918 1.191 
0.578 1.170 

1.250 
1.012 
0.781 
0.572 
0.426 

1.170 
0.625 
0.4ia 

1.180 
923 
,680 

1.143 
0.832 

0.181 
0.140 

1.230 
0.372 - 
0.440 
0.030 

~ 

1.180 
1.128 
1.100 
i. 076 

- 
1.191 
1.160 

~ a 4  
1.145 

1.206 

0- 931 

- 

- 
1.212 
1.165 
1.138 

.. . .. . . , 

f ic  Resist. c n cm 

Measured Calculated 

6.4 

1 
5-2  5.3 

1 ' I  
7.4 

J 

4.2 
4 

- - 

7.3 ll.1 
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Current Density, ma/cml  
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Figure 5. Diagram of Parallel Wire Type Electrode 

I 

Figufe 6 .  Diagram o f  Electrode Contact 
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Figure 7 

F l u x  Factor For Spherical Electrode 

1D 
9 

2 3 + 5 6 7 8 9 1 0  2 3 1 5 6 7 8 9 1 0 0  
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